We reviewed the current research on carbide-derived carbon (CDC) for tribological applications. Carbon materials have been produced using CDC synthesis, in which the metallic components of carbides are selectively etched using high-temperature chlorination. The CDC materials show superior material properties for various applications. SiC is the most widely used carbide, so it was the main focus of the discussion. CDC films show various synthesis-parameter-dependent crystal structures, which affect the mechanical and electrical properties. We discussed the effects of CDC synthesis parameters including adding hydrogen, choosing an appropriate reaction temperature, using catalysts, and modifying the substrate surface with a gradient carbon layer on the structures and tribological properties of CDC layers. The reactions between chlorine gas and the metal components of carbides require the proper reaction temperature because the bonding strengths of carbide materials are unique. CDCsynthesized carbon materials show excellent mechanical and physical properties, which can be continuously enhanced by innovatively modifying various synthesis parameters and by combining CDC materials with other materials. Therefore, CDC materials show great potential for being used in a broader range of applications, and they may lead to new and extended applications for ceramic materials.
Introduction
Carbon materials show superior mechanical, optical, and electrical properties. Carbon layers may show various atomic structures including amorphous, graphite, diamond-like, nanotube, fullerene-like, graphene, and onion-like. Many methods such as high-energy activation, physical vapor deposition (PVD), 1) chemical vapor deposition (CVD), 2) and thermal decomposition 3) have been used to synthesize carbon layers. Carbide-derived carbon (CDC) synthesis is a method of growing carbon composite layers on carbide materials such as TiC and SiC. CDC layers have recently been produced by selectively etching metal components in carbide materials such as SiC, 4) TiC, 5) Ti 3 SiC 2 , 6) B 4 C, 7) ZrC, 8) MoC, 9) NbC, 10) VC, 11) and WC. 12) CDC layers may consist of amorphous carbon, crystalline graphite, nanocrystalline diamond, and carbon sheets (i.e., graphene), depending on the synthesis conditions. The crystal structure and porosity can be tuned since CDC synthesis is a nanoreaction. Further, CDC synthesis is inexpensive and can be used to produce large-area carbon layers while maintaining absolute control over layer thickness. CDC synthesis has been used for applications in various fields in addition to producing graphene, the most promising candidate for fabricating nextgeneration electronic materials. Gas storage, gas and liquid sensors, and supercapacitors are other useful applications of CDC films owing to their large surface area and good electrical conductivity. In addition, CDC films are currently being studied for their potential application as drug delivery systems owing to their large surface area, mass-bonding sites, and excellent biocompatibility; however, they are most commonly used in tribological applications because they are self-lubricating and can provide much lower friction coefficients for sliding surfaces than conventional carbide-only materials can.
Synthesis parameters such as gases, temperatures, surface treatments, and catalysts determine the atomic structures of CDC films and therefore significantly affect the material properties. CDC synthesis is conventionally performed in an argon/chlorine atmosphere above 1000°C. The reaction temperature of each carbide material depends on the bonding strength of the material, which in turn depends on which metallic component is in the material. For example, titanium carbide (TiC) can react at temperatures as low as 400°C. In addition to the effect of the reaction temperature on the CDC film crystal structure, adding hydrogen and using metal catalysts can also affect it and the related material properties. Further, using mixed carbide materials showing different reaction temperatures to grow gradient carbon structures can also affect the material properties. We discuss the effects of the synthesis parameters on the carbon structure and the related tribological properties of CDC layers.
Carbide derived carbon synthesis: growth
CDC synthesis involves reacting a halogen gas with the metal component of carbide materials at high temperature, usually above 1000°C. Cl 2 is the halogen gas mainly used for CDC synthesis owing to its high reactivity (i.e., high electronegativity) with metallic components. CDC can be represented by the following chemical equation for preparing carbon from SiC.
SiC ðsÞ þ 2Cl 2 ðgÞ ! SiCl 4 ðgÞ þ C ðsÞ ð 1Þ
Cl 2 first reacts with the Si of SiC, releasing volatile SiCl 4 gas. The Si atoms are subsequently removed, and the remaining carbon atoms rebind on the substrate. The carbon layer consists of various carbon composite structures, depending on the synthesis parameters such as the gas composition, reaction temperature, and reaction time. 4 ) Figure 1 shows a schematic diagramming the CDC reactor used to grow the carbon films. CDC synthesis was performed at atmospheric pressure, and Ar, Cl 2 , and H 2 were supplied as the carrier, chlorination, and treatment gases, respectively.
CDC synthesis can be used with a variety of carbides such as TiC, SiC, Ti 3 SiC 2 , Ti 2 AlC, B 4 C, ZrC, VC, and WC. Since the Gibbs free energies for the chlorination of metal components such as TiCl 4 , SiCl 4 , BCl 3 , and ZrCl 4 are lower than that for CCl 4 (+67.6 kJ/mol), as shown in Table 1 , 13) most metallic carbides can be chlorinated through a chemical reaction similar to that described in Eq. (1) . Further, the various carbide materials show different chlorination temperatures, as shown in Table 1 , since the strength of the bonds between carbon and the various metal atoms are different, and higher chlorination temperatures promote more complete chlorination. Although chlorination may begin at temperatures as low as 200°C, carbide materials are completely chlorinated, growing carbon layers, at higher metallic-component-dependent temperatures. Further, ordered graphitic carbon structures are mostly grown above 1000°C.
The material properties, including the tribological property, of CDC layers are strongly related to the carbon nanostructures; therefore, it is important to investigate the synthesis-parameterdependent properties of the CDC layer crystal structure. The bonding structures of CDC materials are analyzed using Raman spectroscopy, and carbon phases are determined using highresolution transmission electron microscopy (HRTEM). The Raman spectra usually show two sharp peaks around 1580 1600 and 1350 cm ¹1 named the G and D peaks, respectively. The bonding structures of CDC materials, which mainly consist of sp 2 -(graphite-like) and sp
3
-(diamond-like) hybridized carbon atoms, are analyzed based on the position of the peaks and the ratio of the Raman peak intensities, I D /I G . 16) The tribological properties of CDC materials are analyzed by measuring the friction coefficient and wear rate. Further, scanning electron microscopy (SEM) was used to monitor the surface and layer thickness in other studies.
Carbide derived carbon material characteristics
CDC materials mainly consist of sp 3 -and sp 2 -hybridized carbon atoms, and various carbon structures can be grown depending on how they are configured, as illustrated in Fig. 2 , which was reproduced with permission from Heimann et al. 17) and was discussed in more detail by Shenderova et al. 18) Amorphous carbon (which may locally contain a small portion of ordered carbon structure, depending on the synthesis parameters) mostly grows below 1000°C, and more-ordered carbon structures grow within the carbon layers synthesized above 1000°C.
Typical CDC carbon structures include amorphous, fullerenelike, nanodiamond, onion-like, nanobarrel-like, nanotubes, epitaxial graphene, and graphite. TEM images of various CDC structures are shown in Fig. 3 . Gamarnik 19) and Weiz et al. 20) reported that diamond-like carbon structures (i.e., sp
3
-hybridized carbon atoms) were more favored only for less than 5-nm crystals synthesized up to 1200°C. Hence, the carbon structures of CDC layers synthesized above 1000°C are mostly graphite-like (i.e., they contain mostly sp 2 -hybridized carbon atoms), and the interface between the CDC layers and the metal carbide usually consists of diamond-like carbon structures. 4) The synthesis temperature clearly significantly affects the CDC carbon structures; however, other synthesis parameters also affect Chun et al.: Carbide derived carbon: from growth to tribological application them and should be considered for any CDC application. Thus, the following section discusses the effects of various synthesis parameters on CDC carbon structures and related tribological properties.
Effects of various synthesis parameters 3.1.1 Effect of hydrogen
CDC layers are grown using a mixture of argon (carrier) and chlorine (reactive) gases. Hydrogen gas is also commonly added to tune the crystal structure and other properties of CDC films. Adding hydrogen linearly decreases the growth rate of CDC layers; 5),21), 22) however, H. J. Choi et al. found that the growth rate of the CDC films grown in the high-H 2 -concentration regions was drastically lower than that of the ones grown in the low-H 2 -concentration regions (Fig. 4) .
23) The decrease in the growth rate is related to the reaction between H 2 and Cl 2 gas, producing HCl gas and decreasing the effective chlorine content. Further, H 2 gas removes carbon atoms from the film surface, where hydrogen atoms break the sp 2 -bonds of the graphite carbon and remove it, thereby decreasing the film thickness. 24) I D /I G decreased with increasing H 2 content, as shown in Fig. 5 , 23) indicating that the fraction of sp 2 -bonded carbon clusters had decreased. Therefore, adding hydrogen prevents sp 2 -bonds from forming and stabilizes the dangling bonds of carbon atoms on the surface. 25) 
Effect of temperature
The synthesis temperature and time significantly affect the nanostructures of CDC layers and their tribological characteristics. CDC layers grown below about 600°C mainly consist of amorphous carbon, and more-ordered carbon structures including nanodiamond, onion-like-carbon, and graphite grow with increasing temperature.
4),5) The etching rate of the metal component of the carbide increased with increasing temperature below 600°C, but the chlorine concentration dominated the etching rate at higher temperatures, as shown in Fig. 6 . 5) Although adding hydrogen decreases the CDC layer thickness, it can thicken CDC layers grown at the same temperature by increasing the reaction time because hydrogen enhances the diffusion of the chlorine molecules.
26) The effects of temperatures near the graphitization temperature and of time on CDC layers grown from SiC carbide are described in Ref. 27 ). The CDC layers were grown using Cl 2 /H 2 mixtures on SiC substrates, and the reaction temperature and time were varied between 850 and 1100°C and between 1 and 5 h, respectively. 27) Figure 7 shows the reaction-temperatureand reaction-time-dependent changes in carbon layer thickness. 27) The Cl 2 and Si components react above 900°C, as indicated in Fig. 7(a) . The energy-dispersive X-ray (EDX) spectra for the CDC layer reaction surface measured at various temperatures are shown in Fig. 7(b) . The Si component was completely removed from the surface layer at 950°C. The CDC layer was analyzed using Raman spectroscopy near the 950°C transition, as shown in Fig. 7(c) , to determine the crystal structure of the layer. The Raman spectra indicate that the carbon layer had not formed at 900°C and that I D /I G had decreased with increasing temperature. Further, the graphite crystal size increased with increasing reaction temperature since I D /I G is inversely proportional to the graphite crystalline size. 28 ),29)
Effect of catalysts
Adding metal catalysts such as Fe, Ni, Co, and Ru during CDC synthesis affects the degree of crystallinity and porosity of CDC layers. Leis et al. added Fe, Ni and Co catalysts to synthesize highly graphitized CDC layers, 30) and Kormann et al. added Ru and Fe catalysts to improve the crystallinity and increase the mesopore volume of CDC layers.
31) The carbide-etching rate may be increased by adding catalysts such as Fe, Ru, and mixture of these. 31) TEM and Raman spectroscopy (Figs. 8 and 9 , respectively) can be used to analyze the changes in the crystal structure of the CDC layer prepared using Fe. 32 , and the catalyst-free CDC layer showed more-ordered carbon structures instead of amorphous carbon. All the previous reports indicate that using metal catalysts improved the crystallinity of the CDC layer and that highly ordered carbon structures such as graphitized carbon, nanodiamonds, carbon onions, and nanotubes were formed at temperatures lower than those at which they formed in the catalyst-free CDC layer. 30) 34) The improved carbon structure may affect the tribological properties of CDC films.
Effect of Gradient Carbon Layer
The synthesis parameters affect the nanostructure of the CDC layer and modify the related material properties, especially the tribological ones. In addition, the tribological properties of CDC films can be improved by modifying the film surface with a gradient carbon layer fabricated using SiC and TiC composites. 35) The Ti and Si components are etched at lower and higher temperatures, respectively, since TiC and SiC are chlorinated at 600 and 1000°C, respectively. Therefore, a carbon film consisting of a mixture of carbon and SiC grains is formed as a gradient layer, depending on the TiC and SiC compositions and the reaction time at each reaction temperature. Gradient carbon layer formation is illustrated in Fig. 10 and is compared with that of a conventional carbon layer fabricated using only SiC. The TiC grains completely transformed into carbon at low temperature, leaving the SiC and carbon components at the surface layer. The SiC grains began to transform into carbon with increasing reaction temperature, starting from the surface, and the carbon components were distributed through a gradient, as shown in Fig. 10. 
Tribological properties
The H 2 contents significantly affect the tribological properties of CDC films. A. Erdemir et al. reported that adding 4.5% H 2 gas improved the friction coefficients for CDC films measured in air and in dry nitrogen environments, as shown in Fig. 11 .
36)
Hydrogen-treated CDC films show friction coefficients of about 0.2 in air and 0.07 in dry nitrogen. Another study reported that the friction coefficients and wear rates for CDC films decreased with increasing H 2 content, as shown in Fig. 12 .
37) These results suggest that an amorphous, soft carbon layer had formed at the surface owing to hydrogen etching. Another study showed that CDC film hardness decreased with increasing H 2 content to 48.5%, 23) further suggesting that a soft carbon layer had formed. The friction properties of the CDC layer mainly determine the surface carbon bonding states. If the surface shows many chemically active sites and the covalent ·-bonds of the carbon atoms are unoccupied, the CDC layer may show a high friction coefficient; hence, adding hydrogen terminates the dangling bonds of carbon atoms at the surface thereby reducing the friction coefficient. 38) Therefore, the tribological properties such as the friction coefficients and wear rates for CDC layers can be enhanced by adding adequate hydrogen.
The effect of the reaction temperature on the tribological properties of CDC layers prepared from SiC is shown in Fig. 13 .
27) The friction coefficient sharply decreased to below 0.15 at 925°C and remained constant with increasing temperature. The wear rates also sharply decreased at 925°C to a minimum at 950°C. The SiC is partially transformed into a carbon layer and the SiC grains are partially exposed to the surface below 925°C. Therefore, the SiC friction coefficient and wear rate are similar to or worse than those of bare SiC layers. However, the SiC grains completely transformed into a carbon layer at the surface when the temperature was increased above 925°C. The friction coefficient and wear rate for the CDC layer formed above 925°C decreased since the layer can act as a lubricant. Further, the tribological properties were enhanced at different temperatures, depending on the metallic component of the carbides since the carbides may completely transform into carbon layers at different temperatures because the carbides are chlorinated at different temperatures, as shown in Table 1 .
Metallic catalysts may also be added to enhance the properties of CDC layers. Although the effects of catalysts on the carbon structure have been extensively studied in the last decade, 30)34), 39) their effects on the tribological properties of CDC layers have rarely been reported. Jeong et al. reported the effects of Fe on the tribological properties of CDC films by comparing their friction coefficients and wear rates, as shown in Fig. 14. 32) The friction coefficients for the Fe-catalyzed and Fe-free CDC films were both low and not significantly different. However, the wear rates for the Fe-catalyzed CDC films were lower than those of the Fe-free ones up to 1150°C. The sharp increase in the wear rates for both CDC films at 1200°C may be due to the increased soft crystalline phase and high surface roughness. J. H. Jeong et al. described "soft crystalline phase" as the decreased hardness of carbon layer due to small composition changes of crystallized carbon allotropes, such as graphite and CNTs. 32) On the contrary, the friction coefficients of both CDC films were not increased significantly at 1200°C because the friction coefficient was mainly determined by the surface termination states of the films 36) and both CDC films had the same covalent ·-bond states at the surface in those temperature ranges. Hence, the Fe-catalyzed CDC films show good friction coefficients between 0.1 and 0.15, and adding a metal catalyst at an adequate synthesis temperature can improve the wear rate of CDC films. The reaction time and temperature also affected the friction coefficients and wear rates for the gradient CDC layers.
35) The gradient CDC specimens were grown using a SiC/TiC composite for various reaction times, as shown in Table 2 . Figure 15(a) shows the friction coefficient and wear rate for each specimen. Although the friction coefficients for all the specimens were similar, the wear rate greatly improved with decreasing reaction time at 1000°C. Since SiC grains begin to transform into carbon at 1000°C, decreasing the reaction time at this temperature means that more residual SiC grains will remain in the CDC layer. Further, the Micro-Vickers hardness increased with increasing amount of residual SiC grains, as shown in Fig. 15(b) .
Tribological applications
Metal carbides (SiC, TiC, WC, etc.) have been widely used in a variety of applications such as wearing parts, machine tools, and mechanical seal applications owing to their high corrosion resistance, chemical inertness, and wear resistance. However, the frictional properties of carbides are inadequate for tribological applications because carbides themselves are not lubricious materials. Although the friction coefficients for carbides have been decreased by growing a diamond-like carbon layer on carbide surfaces, the resulting films were abrasive and rough. Thus, various researchers have used CDC to decrease the friction coefficient while maintaining a low wear rate for metal carbides. 40) 43) The typical friction coefficient for CDC layers was reduced to below 0.2, and some reports have shown much lower friction coefficients, as summarized in Table 3 . The CDC layers also showed wear rates similar to those of metal carbides. Moreover, the tribological performance of CDC layers mostly depends on environmental factors. Water vapor is required to properly lubricate the CDC layers. 44) Carroll et al. 43) and Erdemir et al. 45) demonstrated that hydrogen-treated CDC layers in dry nitrogen show much lower friction coefficients, below 0.05. Hydrogen in reaction gases terminates the dangling bonds of carbon atoms at the edges of CDC surfaces and forms a diamondlike carbon structure, which shows a lower friction coefficient in a dry environment than in air. 46) The friction coefficients and wear rates of CDC layers can both be decreased by innovatively modifying the CDC synthesis parameters and materials to extend CDC layers to a wider range of applications. Further, CDC layers show low residual stress, limitless thickness control, good electrical conductivity, and chemical inertness and can therefore show better performances when used in various tribological applications.
Conclusion
CDC materials fabricated by chlorinating the metal components of carbides have been used in various applications. The synthesis-parameter-dependent structural changes in CDC layers have been studied and their effects on the material properties, especially the tribological ones, have been discussed. SiC is the most widely used carbide and was the main focus of the discussion. The effects of various synthesis parameters including adding hydrogen gas, optimizing the reaction temperature, using catalysts, and modifying the substrate surface with a gradient carbon layer on both the structural and tribological properties of CDC layers were discussed. Completely chlorinating carbide materials depends on the type of metal carbide used and on choosing the proper reaction temperature.
A wide variety of studies on the tribological properties of CDC films indicate that the films show excellent potential as materials for tribological applications. The friction coefficients and wear rates for the CDC films remained almost constant at the higher reaction temperature once the SiC had been completely chlorinated. However, the tribological properties such as the friction coefficients, wear rates, and hardnesses could be enhanced by adding hydrogen and using catalysts during CDC synthesis. In addition, using a mixture of carbide materials to modify the surface of CDC layers can produce a gradient carbon layer showing improved tribological properties. CDC-synthesized carbon materials show excellent mechanical and physical properties, which can be continuously enhanced by innovatively modifying various synthesis parameters and by combining CDC materials with other materials. Therefore, CDC materials show great potential for being used in a broader range of applications, and they may lead to new and extended applications for ceramic materials. 
